We describe a highly efficient in vivo DNA assembly method, multiple-round in vivo site-specific assembly (MISSA), which facilitates plant multiple-gene transformation. MISSA is based on conjugational transfer, which is driven by donor strains, and two in vivo site-specific recombination events, which are mediated by inducible Cre recombinase and phage l site-specific recombination proteins in recipient strains, to enable in vivo transfer and in vivo assembly of multiple transgenic DNA. The assembly reactions can be performed circularly and iteratively through alternate use of the two specially designed donor vectors. As proof-of-principle experiments, we constructed a few plant multigene binary vectors. One of these vectors was generated by 15 rounds of MISSA reactions and was confirmed in transgenic Arabidopsis (Arabidopsis thaliana). As MISSA simplifies the tedious and time-consuming in vitro manipulations to a simple mixing of bacterial strains, it will greatly save time, effort, and expense associated with the assembly of multiple transgenic or synthetic DNA. The principle that underlies MISSA is applicable to engineering polygenic traits, biosynthetic pathways, or protein complexes in all organisms, such as Escherichia coli, yeast, plants, and animals. MISSA also has potential applications in synthetic biology, whether for basic theory or for applied biotechnology, aiming at the assembly of genetic pathways for the production of biofuels, pharmaceuticals, and industrial compounds from natural or synthetic DNA.
The vast majority of agronomic traits, including crop production traits, metabolic pathways such as carotenoid biosynthesis pathways, signal pathways such as abscisic acid (ABA) signal transduction, and multimeric proteins such as vacuolar H + -ATPase, are controlled by polygenes. Genetic manipulation of polygenic traits, pathways, or protein complexes is having a profound impact on basic plant research and biotechnology and is presenting a clear challenge for plant genetic engineers, along with the prospect of continued developments in functional genomics (Daniell and Dhingra, 2002; Halpin, 2005; . The transgenic golden rice (Oryza sativa; Ye et al., 2000) , purple tomato (Solanum lycopersicum; Butelli et al., 2008) , red corn (Zea mays; Zhu et al., 2008) , among others, demonstrated the promising future of plant multigene transformation. Several approaches, such as cotransformation (Chen et al., 1998; Zhu et al., 2008) , retransformation , multigene linking and sexual crosses (Zhao et al., 2003) , can be used for the delivery of multiple genes into plant cells. The stacking of multiple expression cassettes onto a single binary plasmid sometimes has a profound advantage over the use of the other approaches mentioned above . The homing endonuclease-based pRCS/pAUX and pSAT vector systems (Goderis et al., 2002; Tzfira et al., 2005; , Cre/loxP recombination (Lin et al., 2003) , MultiSite Gateway (Karimi et al., 2007) , and MultiRound Gateway (Chen et al., 2006a) have been specially developed in order to assemble multiple genes. In spite of the success of the vector systems in simplifying the assembly of multigene cassettes and enabling greater numbers of transgenes to be directly linked, they still require large amounts of time, effort, and expense. The MAGIC technology based on in vivo transfer and in vivo homologous recombination is an efficient, inexpensive, and time-saving method (Li and Elledge, 2005) , but it is not suitable for the assembly of multiple transgenes. Therefore, a method having the advantages of MAGIC for the assembly of multiple genes will be greatly beneficial for multiple-gene transformation in plants or other organisms.
In this report, we describe a highly efficient, inexpensive, and labor-saving in vivo DNA assembly system based on in vivo transfer and in vivo sitespecific recombination methods. This system, named MISSA (for multiple-round in vivo site-specific assembly), can be used not only for the assembly of plant multiple transgenes but also for the assembly of genetic pathways for the production of biofuels, pharmaceuticals, and industrial compounds from natural or synthetic DNA (Picataggio, 2009) . As proof-ofprinciple experiments, we constructed a few plant multigene binary vectors, among which one vector was generated by 15 rounds of in vivo recombination reactions and was confirmed in transgenic Arabidopsis (Arabidopsis thaliana).
RESULTS

MISSA Is a Highly Efficient in Vivo DNA Assembly Method
We designed and constructed the MISSA system based on bacterial conjugation and two sets of in vivo site-specific recombination systems. The MISSA system is composed of donor and recipient strains and corresponding donor and recipient vectors (Fig. 1) . In this report, we used BW20767 as the donor strain (Metcalf et al., 1996) . The tra + (for transfer operon) genotype of BW20767, which is necessary for the conjugational transfer of plasmids with oriT from RP4, is due to the integration into the chromosome of an RP4 fragment. The pir + genotype of BW20767 is necessary for the survival of R6Kg plasmids (Metcalf et al., 1996) . We used engineered DH10B as recipient hosts, which have all the requisite site-specific recombination proteins, including Cre and phage l Int and Xis proteins; these proteins can be inducibly expressed either from the chromosome or from a helper plasmid. In this report, we used an easily curable, low-copynumber helper plasmid derived from pAH57 to provide site-specific recombination proteins (Haldimann and Wanner, 2001) . From the helper plasmid pAH57, phage l Int and Xis can be expressed inducibly by 42°C heat shock. The pAH57 plasmid itself carries the temperature-sensitive mutant of the replication origin derived from pSC101, so the plasmid can be easily cured by incubating the Escherichia coli at 42°C (Haldimann and Wanner, 2001) . To have recipient strains express Cre together with the phage l sitespecific recombination proteins, we inserted into pAH57 the araC-P BAD Cre cassette, on which the expression of the Cre gene is controlled by the promoter of the araBAD operon, which can be induced by L-Ara (Warming et al., 2005) . We named this plasmid pAH57-Cre. We introduced pAH57-Cre into the DH10B strains containing the recipient vectors to acquire recipient strains that should be grown at 30°C (Fig. 1) . Each round of MISSA reactions is composed of two site-specific recombination events, and the MISSA experiments detailed in "Materials and Methods" are very simple and efficient. Since we found that the background level of Cre in the recipient strains was sufficient for the donor vectors to integrate into the recipient vectors, the induction step of the Cre gene with L-Ara was skipped.
Initially, we constructed a set of donor vectors that carry a CmR gene and a negative selection marker gene, sacB, whose products are poisonous to E. coli cells when the culture medium contains Suc ( Fig. 2 ; Gay et al., 1985) . During the use of this set of donor vectors, we found that some recombination clones resulting from the two recombination events were false clones, although the ratios were generally lower than 40%. Since Cre/loxP-mediated site-specific recombination reactions are reversible, we inferred that the false clones occurred mainly due to the reversal of the Cre/loxP-mediated reactions. To solve this problem, we constructed another set of donor vectors in which the CmR or GmR gene was inserted between the loxP and the attR2 or attL1 sites. This insertion position ensured that the Cre/loxP-mediated reversal reactions Figure 1 . Schematic diagram for the MISSA system composed of engineered E. coli strains and vectors. The donor strains were engineered to contain the necessary trans-acting factors (Pir replication initiation protein and Tra conjugational transfer proteins) for replication and conjugational transfer of the suicidal donor vectors. The recipient stains are able to inducibly express two sets of site-specific recombination proteins: Cre recombinase and phage site-specific recombination proteins, including integrase (Int), excisionase (Xis), and integration host factor (IHF). When the donor and recipient strains are mixed together, the donor vector will be transferred into the recipient strain and then site-specific recombination will occur between the donor and recipient vectors. Two rounds of MISSA are shown (A and B). Each round of in vivo site-specific recombination includes two recombination events: the donor vector first integrates into the recipient vector by Cre/loxP-mediated recombination, and then the backbone of the donor vector is removed by the l phage site-specific recombination event. Since, in the former rounds of recombination, the site-specific recombination sites attR1 (A) and attL2 (B) that can be used for subsequent rounds of recombination are introduced, the recombination reactions can be performed circularly and iteratively. The boxes on the donor and recipient circles represent functional DNA elements, and the colored circles represent protein factors. Functional molecules of the same type, including trans-acting protein factors and cis-acting DNA elements, are indicated with the same colors. The wavy lines represent gene or operon mRNA.
would be excluded by positive selection on antibiotics (Fig. 3) . The two sets of donor vectors are compatible and can be used alternately for gene assembly onto the same binary vectors (Supplemental Fig. S1 ). The improved version of donor vectors can have better selection efficiency, whereas the initial version of donor vector can be useful to eliminate the residual antibiotic resistance genes from the final recipient vectors. We sorted our donor vectors into cloning and functional donor vectors according to their roles ( Fig. 4 ; Supplemental Table S1 ).
We constructed four kinds of recipient vectors for plant multigene transformation, of which two are based on transformation-competent artificial chromosome (TAC; Liu et al., 1999) and two are based on binary bacterial artificial chromosome (BIBAC; Hamilton et al., 1996; Fig. 4) . Since the right T-DNA border will be the first part to integrate into the plant genome and the left border and its adjacent sequences will frequently be lost when there is a lack of selection pressure on transformation, the selection marker genes should be put on the left border to ensure the integration of the whole T-DNA (Lee and Gelvin, 2008) . We generated TAC/BIBAC-LTR-HYG/BAR/ KAN vectors in which the assembly order is from the left border to the right border and HYG, BAR, or KAN is assembled first. When we plan to use a certain selection marker gene for plant transformation, we can choose the above starting recipient vectors with the appropriate selection marker genes. When we plan to The recipient vectors containing the loxP-attR2 cassette are derived from either TAC (P1 ori) or BIBAC (F ori), which exist in E. coli as a single copy and are characterized by high cloning capacity for foreign DNA. Two sorts of donor vectors are used alternately: the pL series of donor vectors contains the loxP-attL1-attL2 cassette, in which the expression cassettes are inserted between the attL1 and attL2 sites; the pR series of donor vectors contains the loxP-attR2-attR1 cassette, in which the expression cassettes are inserted between the attR2 and attR1 sites. B, First round of MISSA. First, the donor vector is integrated into the recipient vector by a Cre/loxP-mediated recombination event. The second in vivo site-specific recombination event specifically occurs between the attL2 and attR2 sites and is mediated by phage site-specific recombination proteins. C, Second round of MISSA. The second round of MISSA is similar to the first, with the only difference being that the second recombination event occurs specifically between attR1 and attL1. Ap, Ampicillin; Cm, chloramphenicol; Glu, Glc; Kn, kanamycin; LB, left border; RB, right border. [See online article for color version of this figure. ] use different or more than one selection marker genes, we use TAC/BIBAC-RTL as starting recipient vectors, in which the assembly order is from the right border to the left border.
Linking Multiple Transgenes or RNA Interference Hairpins by MISSA
To test the effectiveness of the MISSA system, we constructed a few multigene binary vectors as proofof-principle experiments ( Fig. 5A ; Supplemental Fig.  S1C ). Initially, we conducted MISSA based on the original pL/R-series donor vectors, after which we generated the pLC/RG-series donor vectors and used these donor vectors for MISSA (Table I; Supplemental  Table S2 ). Using MISSA, we generated pABA, pSOS, and pSOS-P19 binary vectors with the aim of enhancing resistance to abiotic stresses, such as drought, high salt, and low temperature. Onto the T-DNA of the pABA vector, we assembled five genes involved in both the ABA-dependent and ABA-independent pathways of plant response to abiotic stresses (Shinozaki and Yamaguchi-Shinozaki, 2000) . The genes involved in the ABA-dependent pathway include NCED3, LOS5 (also known as ABA3), and ABAR (also known as CHLH), while the genes involved in the ABAindependent pathway include ICE1 and CBF3 (also known as DREB1A; Kasuga et al., 1999; Iuchi et al., 2001; Xiong et al., 2001; Chinnusamy et al., 2003; Shen et al., 2006) . We also assembled three kinds of marker genes (HYG, BAR, and GUS) onto the T-DNA of pABA for the selection and identification of transgenic plants (Supplemental Fig. S1 ). On the T-DNA of pSOS, we engineered four genes (SOS1/2/3 and CBL10) involved in the SOS pathway (Quan et al., 2007; Yang et al., 2009 ) for salt tolerance. In order to overcome transgenic silencing and to enhance the expression levels of the transgenes, we used three kinds of tobacco (Nicotiana tabacum) MAR sequences (TM1, TM2, and TM220; Allen et al., 2000; Xue et al., 2005) . In pSOS-P19, we also used the P19 gene (Voinnet et al., 2003) to enhance the expression of the transgenes. To facilitate the conjugational transfer of the recipient vectors to Agrobacterium tumefaciens strains, we assembled the oriT element in the last round of MISSA onto the TAC-derived recipient vectors, which themselves lack the oriT element. To verify the vector generated by MISSA, we extracted the pABA-oriT vector from the recipient strain K-pABA-oriT (Table I) and digested the vectors with AscI and PacI separately. The results indicated that the digestion fragments were in accordance with the prediction (Supplemental Fig. S1 ).
To more roundly and accurately reflect the cloning efficiency of MISSA reactions, we documented the cloning efficiencies of every round of the MISSA reactions for the above three multigene vectors (Table  I; Supplemental Table S2 ). The results indicate that the average cloning efficiency is higher than 60%. The results of counterselection indicate that some false clones are due to the survival of some of the clones containing the sacB gene after Suc selection. The results of PCR identification suggest that some false clones are due to homologous recombination and/or Cre/loxP-mediated reversal of site-specific recombination reactions.
RNA interference (RNAi) is now a widely used tool both for the validation of gene function and for gene discovery and the engineering of specific traits (DafnyYelin et al., 2007; Small, 2007) . We adapted the MISSA donor vectors so that one RNAi construct can be easily generated via two rounds of MISSA and multiple RNAi expression cassettes linked in the same T-DNA The functional donor vectors can be acquired by replacing the stuff DNA (pUC_ori-ccdB cassette) on the cloning donor vectors pL/RccdB and pLC/RG-ccdB with functional DNA via transitional cut-and-ligate methods. The pPcB/pPrcB vector can be used to obtain functional pL/R series of donor vectors with genes of interest via Gateway BP cloning. The cloning donor vectors are also compatible with TA cloning, and donor T vectors can be prepared by digestion with AhdI. Since the ccdB gene is lethal to most E. coli strains, including the donor strains used in this report, the donor vectors carrying the pUC_ori-ccdB cassette should be propagated in gyrA462 hosts such as DB3.1, in which the pUC origin from the pUC_ori-ccdB cassette is in charge of replication of the donor vectors. After the pUC_ori-ccdB cassette was replaced by genes, gene expression cassettes, or functional DNA elements, the functional donors without the pUC origin were propagated in BW23474 for cloning purposes or in BW20767 for conjugational transfer. T1 and T2, rrnB T1 and T2 transcription terminators; T7/SP6/M13-47/RV-M, universal sequencing primers. B, Recipient vectors. The only differences between the two TAC-derived and the two BIBAC-derived vectors are the positions and directions of the loxP and attR2 sites relative to the T-DNA borders. The key features of the original cloning donor vectors and their derivatives and recipient vectors are indicated under the physical maps.
can be generated by appropriate rounds of MISSA (Supplemental Fig. S2 ).
Conjugational Transfer of Multigene Vectors to Agrobacterium Strains
When we transformed the pABA vector (Fig. 5A) into Agrobacterium strain GV3101 by electroporation, we obtained only a few clones; moreover, all of these clones were missing some genes when tested by colony PCR. Considering that GV3101 is a highrecombination efficiency strain due to its recA + genotype, we used recA strain COR308 (Hamilton et al., 1996) as an alternative, but we still failed to obtain the correct clones with all of the desired genes. We then sought to mobilize the expression vectors from the Table I . B, The phenotypes of three representative lines of the T2 generation are shown. The seeds of the wild type (WT; ecotype Columbia) and three transgenic lines were sown on MS agar plates, and the photographs were taken after the seeds germinated and grew for 7 d at 22°C under a 16-h/8-h light/dark cycle. The normal green seedlings in lines 5 and 6 were identified with the segregated wild type based on GUS staining. C to J, Real-time RT-PCR analysis of transcript levels of the T3 generation of transgenic seedlings under normal and cold induction conditions. The relative transcript level was calculated as fold difference from the Actin transcript level, which was used as the internal control; relative expression levels were calculated and normalized with respect to the genes expressed in the untreated wild type. recipient strains to Agrobacterium recA strain COR308 by conjugational transfer. To do this, we replaced TM220 with the oriT element in the 15th round of MISSA (Fig. 5A) . We then mixed the recipient strain with MT616, an E. coli helper strain with RK2 tra genes (Charles and Finan, 1990) . The pRK600 vector (pRK2013 CmR, Km::Tn9) in MT616 can mobilize itself to the recipient strain by conjugation. After the conjugational transfer, the recipient strain contains the vectors pABA-oriT (KmR), pAH57-Cre (ApR), and pRK600 (CmR). We mixed the kanamycin-, ampicillin-, and chloramphenicol-resistant recipient strain with Agrobacterium COR308 (erythromycin, gentamycin, and tetracycline resistant) to have conjugational transfer occur between the E. coli and Agrobacterium cells. Under the action of conjugational transfer proteins encoded by pRK600, the pABA-oriT vectors were transferred into the COR308 cells selected on LuriaBertani (LB) agar plates supplemented with 50 mg mL 21 kanamycin, 25 mg mL 21 erythromycin, 20 mg mL 21 gentamycin, and 5 mg mL 21 tetracyclin. The pRK600 is lethal in COR308, due to its lack of a relevant replication origin. The pAH57-Cre cannot be transferred to COR308, due to its lack of the oriT element, nor can it be propagated in COR308, due to its lack of a relevant replication origin. We randomly picked two clones for colony PCR identification, and both were positive, indicating that conjugational transfer is a powerful method to introduce complex binary vectors, which may be large in size and have a lot of forward repeat sequences, into Agrobacterium cells. In the same way, pSOS and pSOS-P19 were introduced into the COR308 strain, and two randomly selected clones for each vector were identified as positive.
Confirmation of the Linked Multiple Genes in Arabidopsis
We transformed Arabidopsis using the pABA-oriT vector via the Agrobacterium-mediated method. We obtained 11 hygromycin-resistant transgenic Arabidopsis lines. Among the 11 lines, the T1 generation with three lines (lines 3, 4, and 6) grew weakly, and the T2 generation of seeds failed to germinate (Fig. 5) . PCR detection of transgenes in the other eight lines found that, in one (line 1), three transgenes, NCED3, ABAR, and CBF3, were lost; in another (line 7), one transgene, ICE1, was lost; and in the remaining six transgenic lines, no transgene was lost (Supplemental Fig. S3 ). These results indicate that homologous recombination occurred in Agrobacterium or in plant cells or during the integration of T-DNA due to too many repeated elements in the T-DNA. The T2 generation line 1, which had lost the three genes, germinated and grew normally, whereas the other seven lines exhibited abnormal germination and growth, represented by an abnormal cotyledon with comparatively normal root development and retarded growth under normal growing conditions. These results suggest that the abnormal phenotype of the transgenic lines may be The numbers before the donor strains correspond to the numbers of rounds of MISSA recombination. Regulations for the designation of the donor and the recipient strains are the same as those in Supplemental Table S2 .
c The randomly selected final clones of each round of MISSA were counterselected by streaking them on LB agar plates supplemented with chloramphenicol (Cm) and/or gentamycin (Gm). The clones sensitive (S) and resistant to Cm and/or Gm were counted separately, and the percentages of the Cm(S) or Gm(S) clones are indicated in parentheses.
d The Cmand/or Gm-sensitive clones were submitted for colony PCR identification. Those clones that were PCR positive for all the different DNA fragments tested were counted as appropriate ones and indicated as PCR(+). The total numbers of tested clones are indicated in the denominators of the fractions. The percentages of the PCR(+) clones are indicated in parentheses.
e The cloning efficiencies were calculated by multiplying the percentage of Cm/Gm-sensitive clones by the percentage of the PCR(+) clones. The average cloning efficiency was calculated to be 62% (for pABA) or 64% (for pABA-oriT).
attributed mainly to the three transgenes NCED3, ABAR, and CBF3. Although these three genes were driven by the stress-inducible RD29A promoter, the leaky expression of the RD29A promoter under normal growth conditions may lead to over-responses of ABA-dependent and ABA-independent pathways, which may be strengthened by LOS5 and ICE1 genes, respectively. All of the eight hygromycin-resistant transgenic lines were determined to be basta resistant and GUS staining positive (Supplemental Fig. S3 ). We chose three transgenic lines with the whole transgenes for real-time reverse transcription (RT)-PCR analysis (Fig. 5) . The results indicated that all five functional genes in the three tested lines were overexpressed at different levels under normal conditions. Under cold induction, the genes driven by the drought-, cold-, and high-salt-inducible promoter RD29A were overexpressed at much higher levels (Fig. 5) . RD29A, KIN1, and KIN2 are the downstream genes responsive to both ABA and ABA-independent drought and cold signal transduction pathways (Kasuga et al., 1999) . Real-time RT-PCR analysis revealed that these three genes were overexpressed at high levels under cold induction. Altogether, these results indicate that multiple genes assembled by MISSA can be transferred to plants, expressed at high levels, and inherited stably, providing further evidence that the pABA-oriT vector was correctly assembled and MISSA worked well.
DISCUSSION
As far as we know, MISSA is the only system for the in vivo transfer and in vivo assembly of multiple genes. Thus, once one introduces genes of interest into the donor strains, the remaining tasks are to simply mix bacterial strains, streak for counterselection, and perform colony PCR, processes that can be robotized if necessary. The transgenes of interest can be in vivo transferred not only from donor strains to recipient strains but also from recipient stains to Agrobacterium by conjugational transfer. These features will greatly save time, effort, and expense for the assembly of multiple transgenic DNA and the preparation of Agrobacterium. The universal donor strains constructed in this or future studies by us or other groups will enable researchers to select from more modular elements and thus make genetic engineering more flexible and convenient.
The cloning efficiency is a very important factor that should be considered when evaluating a cloning method. The MISSA system has a high cloning efficiency, and one can always acquire enough clones, of which more than 60% will be positive (Table I; Supplemental Table S2 ). Considering the simplicity, money and manpower savings, and excellent repeatability of MISSA, the cloning efficiency of about 60% is higher than expected. Since the reversal of recombination occurring between the two loxP sites can be excluded by positive and negative selection when using the improved version of the donor vectors, a higher cloning efficiency can be obtained (Table I;  Supplemental Table S2 ). For example, the average cloning efficiency for the improved vectors after counterselection was 75% for pABA or pABA-oriT and 80% for pSOS-P19. Since the negative selection effects of Suc were not always satisfactory (e.g. in one reaction, the negative selection efficiency was as low as 19% [Supplemental Table S2 ]), other possibly more efficient negative selection marker genes, such as pheS Gly-294 (Li and Elledge, 2005) , can be used to improve the cloning efficiency of MISSA. If so, the counterselection step to eliminate false clones that survive the negative selection step can be omitted. The homologous recombination events are another main source of false clones; this problem can be addressed by avoiding the repeated use of the same elements as much as possible. The two-step recombination reactions can be further optimized and simplified to one step (data not shown). Altogether, since the vectors assembled in this study are too complicated due to too many repeated elements, the cloning efficiency for assembly of these vectors is far from optimal, and much higher cloning efficiency of MISSA can be expected. Thus, MISSA is a very efficient assembly method for the engineering of multiple transgenic or synthetic DNA.
Since only by in vivo conjugational transfer can the transfer of the intact binary vectors to Agrobacterium be accomplished, and since one or more genes were lost in some transgenic Arabidopsis lines, it seemed that the binary vectors assembled by MISSA were to some extent unstable in Agrobacterium. However, the instability, if existing, should not be attributed to MISSA but to the transgenic DNA sequences themselves. The reason is that too many repeated elements in the structures are ready to result in homologous recombination during in vitro molecular manipulations or transformation into Agrobacterium. In fact, for this reason, structures similar to the binary vectors constructed by MISSA in this study can hardly be generated by the other existing methods. For example, when we retransformed the pABA vector into the same E. coli strain DH10B, we could not obtain any correct clones carrying the intact vector (data not shown). When it comes to the phenomenon of gene loss, other factors than homologous recombination in Agrobacterium should be considered, for example, homologous recombination in plants or during the process of T-DNA integration. Overall, the performance exhibited by the binary vectors assembled by MISSA in this study as well as their resultant transgenic lines is far from the best one and should represent an extremely, if not the most, difficult situation. In other words, for most of the other applications in multigene engineering, much better performances of MISSA can be expected.
Since the phenotypic performance of the transgenic lines was a little disappointing, it seemed that MISSA itself was also disappointing. However, since the phenotype of the transgenic lines depends on gene and promoter functions as well as the combination of genes and/or promoters, the phenotype exhibited by the vector assembled in this study should not represent the usefulness, effectiveness, and promise of MISSA. The aim of this study was not to demonstrate the feasibility and usefulness of single binary vectorbased multigene transformation, which has been done by other research articles (Lin et al., 2003; , but to provide evidence of the efficacy of the method for multiple transgene linking. Therefore, regardless of the phenotype of transgenic plants, the data from the transgenic results provide further evidence that the binary vector was really correctly assembled and MISSA worked well.
An extra feature of the MISSA method is its compatibility with Gateway technology (Hartley et al., 2000) and its better sharing characteristics. The pL-or pLC-derived donor vectors can be used for recombination with any Gateway destination vectors using Gateway LR clonase. The donor vector pP-ccdB will be useful to generate open reading frame clones at the whole genome scale using Gateway BP clonase. These open reading frame clones compatible with both Gateway technology and MISSA technology will have better sharing characteristics. The cloning donor vectors are also compatible with TA cloning, which is useful for direct cloning of PCR products (Chen et al., 2006b . MISSA is also compatible with the Cre/loxP-based marker-free system (Verweire et al., 2007) . The donor vectors carrying selection marker genes can be assembled onto recipient vectors by the Cre/loxP recombination step, resulting in final binary vectors that can be used for creating markerfree multiple-transgenic plants. We are considering constructing specified donor vectors carrying the loxP site and three gene expression cassettes, p35S-Hyg/ Kan/Bar, pOlexA-Cre, and pSuper-XVE, but without the attL/R cassette and the sacB gene for the conditional elimination of selection markers from transgenic plants. In this way, the marker-free transgenic plants can be created by inducibly expressing Cre under estrogen (Zuo et al., 2001) .
In principle, MISSA reactions may be repeated an infinite number of rounds. In practice, they may be limited by the cloning capacity of the recipient vectors. The recipient vectors have capacities high enough for the assembly of multiple genes. In this study, a total of 33.3 kb of foreign DNA fragments was inserted between the left border and right border of the TACbased pABA, but this does not represent the maximal capacity of the recipient vectors for foreign DNA fragments. The TAC vectors were derived from the bacteriophage P1 cloning system, which was described as being capable of accepting DNA fragments as large as 100 kb (Sternberg, 1990) . The TAC vector was capable of carrying an Arabidopsis genomic DNA fragment as large as 80 kb, and the fragment was transferred back into Arabidopsis with high efficiency and shown to be inherited faithfully among the progeny . The recipient vectors based on the BIBAC vector have a higher capacity for foreign DNA fragments. The BIBAC vector was derived from the bacterial artificial chromosome system, which was reported to be capable of stably maintaining a human genomic DNA fragment of more than 300 kb (Shizuya et al., 1992) . It has been reported that a human genomic DNA fragment as large as 150 kb was successfully inserted into the BIBAC vector and then transferred into the tobacco chromosome by Agrobacteriummediated plant transformation (Hamilton et al., 1996) .
CONCLUSION
We developed the highly efficient DNA assembly system for plant multiple-gene transformation based on bacterial conjugational transfer and two sets of in vivo site-specific recombination systems. The system, named MISSA, is composed of donor and recipient strains and corresponding donor and recipient vectors. When using MISSA, the transfer of multiple genes from donor strains to recipient strains and assembly in recipient strains are completely in vivo processes, with no extra in vitro gene manipulations required. Once one introduces genes of interest into the donor strains, the remaining task is simply to mix bacterial strains. These features will greatly save time, effort, and expense for the assembly of multiple transgenic or synthetic DNA. We have demonstrated the usefulness of the system by generating a few binary vectors carrying multiple transgenes and by analyzing the expression levels of some transgenes in Arabidopsis. The principle that underlies MISSA is applicable to engineering polygenic traits, biosynthetic pathways, or protein complexes in all organisms, such as E. coli, yeast, plants, and animals.
MATERIALS AND METHODS
Vector and Escherichia coli Strain Construction
Detailed description of how the vectors and E. coli strains were constructed can be found in the Supplemental Materials and Methods S1 (Bernard et al., 1994; Alexeyev and Shokolenko, 1995; Curtis and Grossniklaus, 2003; Chai et al., 2006; An et al., 2007; Lee et al., 2007) . The sequences of all primers used in this report are listed in Supplemental Tables S3 to S6 .
MISSA Experiments
For the Cre/loxP-mediated recombination event, we grew the recipient strains overnight in 6 mL of LB medium supplemented with appropriate antibiotics at 30°C; we also grew the donor strains with appropriate antibiotics at 37°C or 30°C. The following day, we diluted an aliquot of each of the two cultures with LB medium to 1.2 mL, with an optical density at 600 nm of 0.25. We washed the diluted cultures with LB medium twice, resuspended them in 600 mL of LB medium each, and mixed them. We then incubated the 1.2-mL mixture for 1 h at 30°C with or without shaking and finally plated 10 mL of the cultures on agar plates with appropriate antibiotics. To simplify the procedure, we streaked the recipient and the donor strains on LB agar plates with appropriate antibiotics and, after incubating for 24 to 36 h at 30°C, scraped off approximately equal amounts of the cultures, which we resuspended and mixed together in 1.2 mL of LB medium; after washing with 1.2 mL of LB medium twice, we incubated the mixture for 1 h at 30°C with or without shaking; finally, 10 to 180 mL of culture was plated on agar plates with appropriate antibiotics. For the second recombination event mediated by l site-specific recombination proteins, unless specified, we randomly selected six to 18 colonies using toothpicks (one toothpick dips six colonies), put them into 6 mL of LB medium with 0.2% Glc, incubated with shaking in a 42°C water bath for 1 h, and finally, depending on the colony size, took out 0.1 to 10 mL to plate on selection agar plates supplemented with appropriate antibiotics, 6% Suc, and 0.2% Glc; the plates were incubated for 24 to 36 h at 30°C.
Conjugational Transfer to Agrobacterium tumefaciens Strains
Detailed description of how the recipient vectors were conjugationally transferred to Agrobacterium COR308 can be found in the Supplemental Materials and Methods S1.
Real-Time PCR
The wild-type seeds (ecotype Columbia) were sown on four Murashige and Skoog (MS) agar plates, whereas the seeds of each of the three T3 transgenic lines were sown on four MS agar plates supplemented with 25 mg mL 21 hygromycin. After vernalization at 4°C for 3 d, the seeds grew at 22°C for 14 d under a 16-h/8-h light/dark cycle. The four plates were then divided into two groups, untreated and cold treated. The treated group, with two plates of seedlings, was cold treated at 4°C for 2 d, and total RNA was extracted from the eight samples of material. The total RNA samples were transcribed and used for quantitative RT-PCR analysis with the primers listed in Supplemental Table S6 .
Sequence data from this article can be found in the GenBank data library under accession numbers GU574771 to GU574780 (for pL-ccdB, pP-ccdB, pLCccdB, pR-ccdB, pPr-ccdB, pRG-ccdB, TAC-RTL, TAC-LTR, BIBAC-RTL, and BIBAC-LTR, respectively).
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